Abstract: An experimental method is used to investigate the performance of a small-scale organic Rankine cycle (ORC) system which is integrated with a radial flow turbine, using 90 • C hot water as a heat source. The considered working fluids are R245fa and R123. The relationship between cycle performance and the operation parameters is obtained. With constant condensing pressure (temperature), the outlet temperature of the hot water, the mass flow rate of the hot water and the evaporator heat transfer rate increase with increasing evaporating pressure. Turbine isentropic efficiency decreases and transmission-generation efficiency increases with rising evaporating pressure. In the considered conditions, the maximum specific energy is 1.28 kJ/kg, with optimal fluid of R245fa and an optimal evaporating temperature of 69.2 • C. When the evaporating pressure (temperature) is constant, the outlet temperature of the cooling water increases, and the mass flow rate of the cooling water decreases with increasing condensing pressure. Turbine isentropic efficiency increases and transmission-generation efficiency decreases with the rise of condensing pressure. In the considered conditions, the maximum specific energy is 0.89 kJ/kg, with optimal fluid of R245fa and an optimal condensing temperature of 29.1 • C. Turbine efficiency is impacted by the working fluid type, operation parameters and nozzle type.
Introduction
A great amount of researcher attention has been focused on exploiting or recovering low-grade heat energy using the organic Rankine cycle (ORC), which has potential in using low-grade heat energy (approximately 100-150 • C). This grade of heat energy is very common in nature and society, including low temperature geothermal energy and industrial waste heat. In addition, solar thermal energy, produced by moderately low temperature solar collectors, is also important renewable low-grade energy. The working fluid type, operation parameters and expander performance play major roles in determining the ORC system performance.
Much research was carried out on the optimization of the working fluid and the operation parameters. Tchanche et al. [1] studied the theoretical cycle performance of a 2 kW micro ORC system using 90 • C hot water as a heat source, produced by solar collectors. Several characteristics, such as efficiencies, volume flow rate, mass flow rate, pressure ratio, toxicity, flammability, ozone depression potential (ODP) and global warming potential (100 year) (GWP) were considered to screen an optimal fluid from as many as 20 fluids. The results showed that R134a was most suitable for small-scale solar up to 65% when using R123 as the working fluid. Kang [33] designed an experimental system that integrated with a radial flow turbine and a high-speed generator and studied the system performance with R245fa as the working fluid. Three electric power values, 24.5 kW, 26.9 kW and 31.2 kW, were obtained correspondingly when the average evaporating temperature was 77.1, 79.5 and 82.3 • C, respectively. A tesla turbine is also a good choice for ORC applications [34, 35] .
Though many studies have been carried out on radial flow turbines, few researchers pay attention to the relationship between turbine performance and the operation parameters, as well as nozzle performance in the turbine. In this article, an experimental study is carried out on a small-scale ORC system which is integrated with a micro radial flow turbine to study the relationship between cycle performances and operation parameters. Cycle performances, such as specific energy ( . P specific , electrical power generated per unit mass flow rate of heat source fluid), thermal efficiency, turbine isentropic efficiency and transmission-generation efficiency are investigated and their variation trends with evaporating pressure and condensing pressure are obtained and analyzed in detail. Figure 1 shows a scheme diagram of the ORC with R245fa as the working fluid. It is indicated that the slope of the saturated vapor line in the T-s diagram is positive for R245fa, which is similar with R123. It is known that a large amount of working fluid must be overheated before flowing into turbine to avoid the liquid hammer phenomenon. With such a slope of the saturated vapor line, the saturated vapor can be used to drive the turbine without overheating. However, a low superheat degree is needed to guard against fluctuation of the working conditions. In addition, an appropriate superheat degree at the turbine entrance leads to a reduction of the mean temperature difference between the hot water and the working fluid, with an associated decrease of exergy loss within the heat exchanger. It is worth noting that the pinch point is located at state point 6 for the evaporator and state point 3 for the condenser. The experimental system included three loops, namely the organic fluid loop, the hot water loop and the cooling water loop, as shown in Figure 2 . The hot water loop provides heat energy to the working fluid in the evaporator. The cooling water loop cools the working fluid in the condenser. In the organic fluid loop, the working fluid expands in the turbine consequently drives turbine. Then, low pressure fluid condenses in condenser. Liquid fluid is pumped by a pump and is heated in the evaporator.
Methodology

The ORC System and the Micro Radial Flow Turbine
Energies 2018, 11, x FOR PEER REVIEW 3 of 21 31 .2 kW, were obtained correspondingly when the average evaporating temperature was 77.1, 79.5 and 82.3 °C, respectively. A tesla turbine is also a good choice for ORC applications [34, 35] . Though many studies have been carried out on radial flow turbines, few researchers pay attention to the relationship between turbine performance and the operation parameters, as well as nozzle performance in the turbine. In this article, an experimental study is carried out on a smallscale ORC system which is integrated with a micro radial flow turbine to study the relationship between cycle performances and operation parameters. Cycle performances, such as specific energy ( specific P  , electrical power generated per unit mass flow rate of heat source fluid), thermal efficiency, turbine isentropic efficiency and transmission-generation efficiency are investigated and their variation trends with evaporating pressure and condensing pressure are obtained and analyzed in detail. Figure 1 shows a scheme diagram of the ORC with R245fa as the working fluid. It is indicated that the slope of the saturated vapor line in the T-s diagram is positive for R245fa, which is similar with R123. It is known that a large amount of working fluid must be overheated before flowing into turbine to avoid the liquid hammer phenomenon. With such a slope of the saturated vapor line, the saturated vapor can be used to drive the turbine without overheating. However, a low superheat degree is needed to guard against fluctuation of the working conditions. In addition, an appropriate superheat degree at the turbine entrance leads to a reduction of the mean temperature difference between the hot water and the working fluid, with an associated decrease of exergy loss within the heat exchanger. It is worth noting that the pinch point is located at state point 6 for the evaporator and state point 3 for the condenser. The experimental system included three loops, namely the organic fluid loop, the hot water loop and the cooling water loop, as shown in Figure 2 . The hot water loop provides heat energy to the working fluid in the evaporator. The cooling water loop cools the working fluid in the condenser. In the organic fluid loop, the working fluid expands in the turbine consequently drives turbine. Then, low pressure fluid condenses in condenser. Liquid fluid is pumped by a pump and is heated in the evaporator. In the system, a micro radial flow turbine is used to convert heat energy to shaft work. As shown in Figure 3a , there are twelve prismatic blades, which share the same height and are fixed on the rotor. The rotor space is divided into twelve blade passages. Fluid flows toward the axis from the surrounding area and drives the rotor. There is only one position where the nozzle can be fixed, so it is a partial admission turbine. Two nozzle bases (the left is used) and two nozzle heads were manufactured for the turbine, as shown in Figure 3b . When the nozzle head is fixed on the nozzle base, a whole nozzle is prepared. In the experimental study, fluid states at the turbine entrance and turbine exit varied in different conditions, which caused variation in the turbine enthalpy drop. Consequently, fluid in the nozzle may need to expand at a subsonic speed in some conditions, while at a supersonic speed in other conditions. Then, a converging nozzle (with nozzle head I) and a Laval nozzle (with nozzle head II) were used. Using a Laval nozzle, a higher pressure drop can be obtained than with a converging nozzle under enough inlet pressure. There are several bends on the nozzle. Their role is to lead fluid flow towards the rotor. Details of the nozzle base used in the experimental investigation are shown in Figure 3c . In the system, a micro radial flow turbine is used to convert heat energy to shaft work. As shown in Figure 3a , there are twelve prismatic blades, which share the same height and are fixed on the rotor. The rotor space is divided into twelve blade passages. Fluid flows toward the axis from the surrounding area and drives the rotor. There is only one position where the nozzle can be fixed, so it is a partial admission turbine. Two nozzle bases (the left is used) and two nozzle heads were manufactured for the turbine, as shown in Figure 3b . When the nozzle head is fixed on the nozzle base, a whole nozzle is prepared. In the experimental study, fluid states at the turbine entrance and turbine exit varied in different conditions, which caused variation in the turbine enthalpy drop. Consequently, fluid in the nozzle may need to expand at a subsonic speed in some conditions, while at a supersonic speed in other conditions. Then, a converging nozzle (with nozzle head I) and a Laval nozzle (with nozzle head II) were used. Using a Laval nozzle, a higher pressure drop can be obtained than with a converging nozzle under enough inlet pressure. There are several bends on the nozzle. Their role is to lead fluid flow towards the rotor. Details of the nozzle base used in the experimental investigation are shown in Figure 3c . In the system, a micro radial flow turbine is used to convert heat energy to shaft work. As shown in Figure 3a , there are twelve prismatic blades, which share the same height and are fixed on the rotor. The rotor space is divided into twelve blade passages. Fluid flows toward the axis from the surrounding area and drives the rotor. There is only one position where the nozzle can be fixed, so it is a partial admission turbine. Two nozzle bases (the left is used) and two nozzle heads were manufactured for the turbine, as shown in Figure 3b . When the nozzle head is fixed on the nozzle base, a whole nozzle is prepared. In the experimental study, fluid states at the turbine entrance and turbine exit varied in different conditions, which caused variation in the turbine enthalpy drop. Consequently, fluid in the nozzle may need to expand at a subsonic speed in some conditions, while at a supersonic speed in other conditions. Then, a converging nozzle (with nozzle head I) and a Laval nozzle (with nozzle head II) were used. Using a Laval nozzle, a higher pressure drop can be obtained than with a converging nozzle under enough inlet pressure. There are several bends on the nozzle. Their role is to lead fluid flow towards the rotor. Details of the nozzle base used in the experimental investigation are shown in Figure 3c . Adjustable resistance was used to consume the generated electricity. A slider that controlled the adjustable resistance was used to change the resistance value for different conditions. In a specified condition, the resistance value of each phase must be approximately equal to make the turbine and generator rotate smoothly. The value of load resistance is closely related to generator speed and turbine speed. In stable conditions, the generator load torque is equal to the turbine torque. Generator Adjustable resistance was used to consume the generated electricity. A slider that controlled the adjustable resistance was used to change the resistance value for different conditions. In a specified condition, the resistance value of each phase must be approximately equal to make the turbine and generator rotate smoothly. The value of load resistance is closely related to generator speed and turbine speed. In stable conditions, the generator load torque is equal to the turbine torque. Generator load is mainly determined by load resistance and the turbine torque is impacted by the condition of the ORC. However, torque that is output from the turbine is not completely converted into electricity. There are several losses in the generator and in the transmission of torque from the turbine to the generator. Generator loss includes magnetic flux leakage loss, internal friction loss and internal coil heat loss. All the losses are considered as part of generator load torque. Therefore, the turbine speed can be regulated by changing the load resistance, turbine inlet state parameters and turbine outlet state parameters. In the experimental study, the ORC condition can be obtained by regulating the system parameters (mass flow rate of hot water, mass flow rate of cooling water and mass flow rate of working fluid, etc.) and a specified turbine speed can be obtained by regulating the load resistance.
Methodology
The ORC System and the Micro Radial Flow Turbine
There are some other instruments and devices in the system, such as the evaporator, condenser, fluid pump, cooling tower, mass flowmeter, data logger and power meter. Information of the main instruments and measuring devices is shown in Table 1 . Table 1 . Information of instruments and measuring devices.
Item Information
Evaporator
Two plate heat exchangers which are connected in series are used as evaporator of the ORC system. 
Cooling tower
The model number is DBNL3.
Mass flowmeter
Coriolis mass flowmeter is used in the system. The model number is DMF1-4. The measuring range is 0-2000 kg/h and the accuracy class is 0.2. The working pressure is 0-10 MPa.
Data logger Agilent 34970A is used to log temperature, pressure and mass flow rate in the system.
Power meter
Model number of the digital power meter used in the experiment is WT230. Measuring range of voltage is 0-600 V and measuring range of electric current is 0-20 A. Applicable frequency range is 0 and 0.5-100 kHz. The accuracy in measuring power generated can be calculated by Two organic fluids, namely R245fa and R123, were used in the experimental study. Both of them have zero or very little ozone depression potential (ODP). The basic thermal and environmental properties of the fluids are shown in Table 2 . 
Experimental Method
In the experimental study, several parameters were regulated by the researchers' own initiative, such as the working fluid, turbine speed, temperature of hot water, flow rate of hot water, temperature of cooling water and the mass flow rate of cooling water. The inverter that is fixed on the fluid pump is used to control the mass flow rate of the working fluid. The turbine speed depends on the ORC condition and load resistance. When the ORC condition is specified, the load resistance can be used to regulate the turbine speed. The temperature of the hot water is regulated by changing the heating electric power applied to the hot water. Temperature of the cooling water is regulated by changing the air flow rate in the cooling tower. The flow rates of the hot water and cooling water are regulated by adjusting the main valves and bypass valves.
The turbine inlet pressure can be regulated by changing the fluid mass flow rate. The degree of superheat in the turbine entrance can be regulated by the changing temperature and mass flow rate of the hot water. Additionally, the evaporating pressure will also be influenced by this method. The degree of subcooling and condensing pressure can be regulated by changing the temperature and mass flow rate of the cooling water.
Definition of Performance Parameters
Fluid expands in the turbine and drives the rotor. Because of losses in the turbine nozzle and turbine blade passages, the real enthalpy drop is lower than the isentropic enthalpy drop. It is worth noting that the kinetic energy is not considered in order to simplify the analysis, so enthalpy is equal to the total enthalpy at each state point. Turbine isentropic efficiency is defined as the ratio of the real enthalpy drop to the isentropic enthalpy drop, and can be expressed as follows:
A high-speed chain was used to transmit torque from the turbine shaft to the generator shaft. There were losses in torque transmission and electricity generation. Torque transmission loss is mechanical loss that occurred in the turbine, high-speed chain and generator. The electricity generation loss that occurred in the generator mainly includes coil loss and magnetic flux leakage loss, which are determined by the generator speed and load resistance. In the experimental study, it was difficult to separate the transmission loss and generation loss, so a performance parameter named transmission-generation efficiency was defined and can be calculated by Equation (2) .
The evaporator heat transfer rate can be expressed by Equation (3) . In a theoretical study on ORC performance, thermal efficiency is usually defined as the ratio of the net power output to the evaporator heat transfer rate. In small-scale experimental systems, the actual capacity of equipment usually does not match perfectly and the actual efficiencies of the turbine and pump are usually very low, which leads the pump usually consuming as much electrical power as the whole system outputs. In an actual large-scale project, the turbine incontrovertibly outputs a much greater amount of power than the pump consumes. The role of the experimental system is to obtain some scientific laws for the working fluid, cycle or system. Therefore, if defined as the ratio of net power output to evaporator heat transfer rate, thermal efficiency becomes meaningless in an experimental study on a small-scale ORC system. In this article, thermal efficiency is defined as the ratio of electrical power generated to the evaporator heat transfer rate, and can be expressed by Equation (4) .
Energies 2019, 12, 724 8 of 20
In most cases, the mass flow rate of the heat source fluid, like water and gas, is constant, so the electrical power generated per unit of mass flow rate of heat source fluid is usually selected as an objective function. Here, the specific energy ( . P specific ) is defined as the ratio of electrical power generated to the mass flow rate of the hot water and can be expressed as below:
The unit of electrical power is the kW and unit of the mass flow rate of the hot water is kg/s. This means that the unit of specific energy is kJ (electrical energy) /kg (hot water) . Therefore, . P specific also represents the electrical energy that can be exploited from the unit mass of the hot water. A typical parameter for characterizing turbine performance is the isentropic velocity ratio, which is expressed as follows:
Uncertainty of Experimental Data
The uncertainty of experimental results is impacted by the accuracy of equipment, measurement error and so on. In this article, only the uncertainty of equipment is considered. Temperature was measured by a T-type thermocouple which had an accuracy of 0.5 • C. The system must be vacuumed before being filled with the working fluid. Therefore, pressure gauges (including the vacuum range) are used to measure the pressure in the system. The accuracy of the pressure gauges is 0.001 MPa. The measuring accuracy of the working fluid mass flow rate and water volume flow rate are 0.001 kg/s and 0.0625 L/s, respectively. Accuracy in measuring the generated power can be calculated by Q evap , their uncertainties can be expressed as follows:
U η,trans−ge = U .
P,ge
∂η trans−ge
In the above equations, the enthalpy value of the working fluid was obtained from the Reference Fluid Thermodynamic and Transport Properties (REFPROP) [37] by inputting the pressure and temperature. The relationship between enthalpy, pressure and temperature can be expressed as in Equation (10), so the uncertainty of enthalpy can be calculated by Equation (11) . The values of c p and ∂v ∂t p were also obtained from REFPROP.
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The uncertainties of η ther and . P specific can be derived from Equations (4) and (5), as shown in the following equations:
U .
P,specific
According to Equation (6), the isentropic velocity ratio of the turbine can be expressed as below: 
Results and Discussion
Performance versus Evaporating Pressure with Constant Condensing Pressure
In this section, system performances such as the outlet temperature of hot water, the mass flow rate of fluid, the evaporator heat transfer rate, the turbine isentropic efficiency, the transmission-generation efficiency, the specific energy and thermal efficiency are investigated. The system operating parameters were controlled according to Table 3 . As shown in Figure 4a , in both experimental series, the outlet temperature of the hot water increased with the increase of evaporating pressure. The mass flow rate of the hot water and the evaporator heat transfer rate increased with increasing evaporating pressure. In order to increase the evaporating pressure, the mass flow rate of working fluid was enhanced, meaning a larger evaporator heat transfer rate was required. Therefore, the mass flow rate of hot water increases with the rise of evaporating pressure. The outlet temperature of the hot water was determined by the pinch point temperature difference and the evaporating temperature. When the pinch point temperature difference remained constant, the water outlet temperature increased with rising evaporating pressure. As shown in Figure 4a , the evaporator heat transfer rate with nozzle I is nearly equal to that of nozzle II, while the outlet temperature of the hot water and the mass flow rate of the hot water with nozzle I are very different from that with nozzle II. The reason for this is that the pinch point temperature differences in both experimental series are different from each other. The pinch point temperature difference with nozzle I is lower than that with nozzle II, so the water outlet temperature with nozzle I is obviously lower than that of nozzle II. The equality of the evaporator heat transfer rate and the higher water outlet temperature lead to a higher mass flow rate of hot water.
temperature
nozzle I is lower than that with nozzle II, so the water outlet temperature with nozzle I is obviously lower than that of nozzle II. The equality of the evaporator heat transfer rate and the higher water outlet temperature lead to a higher mass flow rate of hot water. As shown in Figure 4b , in both experimental series, turbine isentropic efficiency decreased with increasing evaporating pressure, while transmission-generation efficiency increased with the increase of evaporating pressure. Axis clearance leakage in the turbine rose with the increase of turbine inlet pressure, which leads to a decrease in turbine isentropic efficiency with the increase of turbine inlet pressure. When the turbine speed and generator speed were kept constant, the generator efficiency increased with the decrease of load resistance [38] . The load resistance decreased with the rise of evaporating pressure, so the transmission-generation efficiency increases with the increase of evaporating pressure.
It is also shown in Figure 4b that the turbine isentropic efficiency with nozzle I was higher than that of nozzle II in conditions with low evaporating pressure, while the turbine isentropic efficiency of nozzle I was lower than that of nozzle II in conditions with high evaporating pressure conditions. When the evaporating pressure is low there may be shock loss in the Laval nozzle, and shock loss decreases with rising evaporating pressure. Figure 5 shows the expansion process in the converging nozzle and Laval nozzle [39] . If the back pressure was equal to the design value at the exit of converging nozzle, the working fluid expanded from the inlet pressure to the design pressure (or backpressure), which is represented by the line AC. If the back pressure was higher than the design value, the fluid expanded to the back pressure, which is represented by the line AB. However, if the back pressure was lower than the design value, the fluid expanded to the design pressure in the converging nozzle and its pressure quickly decreased to the back pressure along line ACD. The expansion process, represented by line ACD, is also known as underexpansion. The expansion process in the Laval nozzle is more complicated than that of the converging nozzle. Undoubtedly, if the back pressure is equal to design value at the exit of Laval nozzle, the working fluid expands from the inlet pressure to the design pressure (or back pressure) along line AC. If the back pressure is lower than the design value, underexpansion also occurs along line ACD. It is worth noting that overexpansion occurs in the Laval nozzle when the back pressure is higher than the design value. In the expansion section of the Laval nozzle, a supersonic expansion velocity was achieved, and a shockwave was generated at the cross section (point E) where the fluid pressure jumps to a higher value and the fluid velocity decreases to a subsonic (dotted line EF) level. Then, the fluid is compressed in the remaining expansion section and reaches back pressure at the exit. The cross section moves to the throat with rising back pressure. Line AMN shows the expansion process in which the shockwave occurs at the throat. This shockwave, which is irreversible and causes kinetic energy loss, should be avoided as much as possible.
When the evaporating pressure is low there may be shock loss in the Laval nozzle, and shock loss decreases with rising evaporating pressure. Figure 5 shows the expansion process in the converging nozzle and Laval nozzle [39] . If the back pressure was equal to the design value at the exit of converging nozzle, the working fluid expanded from the inlet pressure to the design pressure (or backpressure), which is represented by the line AC. If the back pressure was higher than the design value, the fluid expanded to the back pressure, which is represented by the line AB. However, if the back pressure was lower than the design value, the fluid expanded to the design pressure in the converging nozzle and its pressure quickly decreased to the back pressure along line ACD. The expansion process, represented by line ACD, is also known as underexpansion. The expansion process in the Laval nozzle is more complicated than that of the converging nozzle. Undoubtedly, if the back pressure is equal to design value at the exit of Laval nozzle, the working fluid expands from the inlet pressure to the design pressure (or back pressure) along line AC. If the back pressure is lower than the design value, underexpansion also occurs along line ACD. It is worth noting that overexpansion occurs in the Laval nozzle when the back pressure is higher than the design value. In the expansion section of the Laval nozzle, a supersonic expansion velocity was achieved, and a shockwave was generated at the cross section (point E) where the fluid pressure jumps to a higher value and the fluid velocity decreases to a subsonic (dotted line EF) level. Then, the fluid is compressed in the remaining expansion section and reaches back pressure at the exit. The cross section moves to the throat with rising back pressure. Line AMN shows the expansion process in which the shockwave occurs at the throat. This shockwave, which is irreversible and causes kinetic energy loss, should be avoided as much as possible. When the evaporating pressure is high, leakage loss is the main loss in the turbine when using a converging nozzle. Therefore, a converging nozzle is suitable for low inlet pressure while a Laval nozzle is more suitable for high inlet pressure in the considered turbine. When the evaporating pressure was high, the transmission-efficiency was nearly the same in both experimental series. When When the evaporating pressure is high, leakage loss is the main loss in the turbine when using a converging nozzle. Therefore, a converging nozzle is suitable for low inlet pressure while a Laval nozzle is more suitable for high inlet pressure in the considered turbine. When the evaporating pressure was high, the transmission-efficiency was nearly the same in both experimental series. When evaporating pressure was low, the turbine torque with nozzle II was low, which lead to large load resistance. Therefore, the transmission-generation efficiency with nozzle II is lower than of nozzle I. It should be noted that the transmission-generation efficiency value which is indirectly obtained from the experimental data is sometimes a little higher than 1.0. This is a result of measurement error of turbine inlet pressure, turbine inlet temperature and generated power.
As shown in Figure 6 , variation of the considered parameters and the performance with R123 as working fluid was similar to that with R245fa as working fluid. As shown in Figure 6a , the water outlet temperature and mass flow rate of the hot water in both experimental series are coincident. The reason for this is that the pinch point temperature difference in both experimental series may be equal. The pinch point in an evaporator for a subcritical ORC is usually located at the bubble point. At a specified evaporating pressure, the outlet temperature of hot water is equal for experiment with nozzle I and nozzle II. As indicated in Figure 1 , the pinch point temperature difference between both experimental series is equal. outlet temperature and mass flow rate of the hot water in both experimental series are coincident. The reason for this is that the pinch point temperature difference in both experimental series may be equal. The pinch point in an evaporator for a subcritical ORC is usually located at the bubble point. At a specified evaporating pressure, the outlet temperature of hot water is equal for experiment with nozzle I and nozzle II. As indicated in Figure 1 , the pinch point temperature difference between both experimental series is equal. As shown in Figure 7 , when R245fa was selected as a working fluid, the specific energy increased firstly and then decreased with the rise of evaporating temperature. With nozzle I, the maximum specific energy was 1.28 kJ/kg and the optimal evaporating temperature was 69.2 °C. With nozzle II, the maximum specific energy was 0.87 kJ/kg and the optimal evaporating temperature was 75.2 °C. As shown in Figure 7 , when R245fa was selected as a working fluid, the specific energy increased firstly and then decreased with the rise of evaporating temperature. With nozzle I, the maximum specific energy was 1.28 kJ/kg and the optimal evaporating temperature was 69.2 • C. With nozzle II, the maximum specific energy was 0.87 kJ/kg and the optimal evaporating temperature was 75.2 • C. When R123 was used as the working fluid, the specific energy increased with increasing evaporating temperature and the maximum value may appear in conditions with higher evaporating temperatures. The maximum specific energy was 0.39 kJ/kg with nozzle I and 0.40 kJ/kg with nozzle II.
Thermal efficiency (as shown in Figure 8 ) and water outlet temperature (as shown in Figure 6a ) increased with rising evaporating temperature. Specific energy increased with the increase of thermal efficiency and decreased with the increase of water outlet temperature. Therefore, specific energy increases firstly and then decreases with the rise of evaporating temperature. In addition, transmission-generation efficiency increases with increasing evaporating temperature.
When Thermal efficiency (as shown in Figure 8 ) and water outlet temperature (as shown in Figure 6a ) increased with rising evaporating temperature. Specific energy increased with the increase of thermal efficiency and decreased with the increase of water outlet temperature. Therefore, specific energy increases firstly and then decreases with the rise of evaporating temperature. In addition, transmission-generation efficiency increases with increasing evaporating temperature.
As shown in Figure 8 , the thermal efficiency increased with the increase of evaporating temperature. When the turbine inlet temperature is kept constant, the thermal efficiency is mainly determined by the evaporating and condensing temperatures. In the experiment, the condensing temperature was kept at approximately 30 °C, so the thermal efficiency increased with the increase of evaporating temperature. As shown in Figure 8 , the thermal efficiency increased with the increase of evaporating temperature. When the turbine inlet temperature is kept constant, the thermal efficiency is mainly determined by the evaporating and condensing temperatures. In the experiment, the condensing temperature was kept at approximately 30 • C, so the thermal efficiency increased with the increase of evaporating temperature. Thermal efficiency (as shown in Figure 8 ) and water outlet temperature (as shown in Figure 6a ) increased with rising evaporating temperature. Specific energy increased with the increase of thermal efficiency and decreased with the increase of water outlet temperature. Therefore, specific energy increases firstly and then decreases with the rise of evaporating temperature. In addition, transmission-generation efficiency increases with increasing evaporating temperature.
As shown in Figure 8 , the thermal efficiency increased with the increase of evaporating temperature. When the turbine inlet temperature is kept constant, the thermal efficiency is mainly determined by the evaporating and condensing temperatures. In the experiment, the condensing temperature was kept at approximately 30 °C, so the thermal efficiency increased with the increase of evaporating temperature. 
Performance versus Condensing Pressure with Constant Evaporating Pressure
In this section, several system performances are investigated, and the system operating parameters were controlled according to Table 4 . Figure 9a shows that the outlet temperature of the cooling water increased with the increase of condensing pressure and mass flow rate of cooling water decreased with the rise of condensing pressure. Variation of the outlet temperature of the cooling water and the mass flow rate of the cooling water in both experimental series is coincidental. The outlet temperature of the cooling water increased with the increase of condensing pressure when the inlet temperature of the cooling water and the pinch point temperature difference of condenser were kept constant. In the considered conditions, the mass flow rate of the working fluid nearly was kept constant, so the mass flow rate of the cooling water decreased with the increase of condensing pressure and outlet temperature of the cooling water. As shown in Figure 9b , the turbine isentropic efficiency increased with the increase of condensing pressure, while transmission-generation efficiency decreased with rising condensing pressure. With nozzle I, the differential pressure and leakage loss decreased with the increase of condensing pressure. Therefore, turbine isentropic efficiency increases rapidly with the increase of condensing pressure. With nozzle II, differential pressure and leakage loss decreased with the increase of condensing pressure, while shock loss increased with the increase of condensing pressure. Therefore, turbine isentropic efficiency increased slightly with nozzle II. Turbine torque decreased with the increase of condensing pressure. When the turbine speed was kept constant, the load resistance increased with the increase of condensing pressure. Therefore, transmission-generation efficiency decreased with the increase of condensing pressure.
As shown in Figure 10 , the variation of the considered parameters and performance with R123 as working fluid was similar when R245fa was used as the working fluid. As shown in Figure 11 , the specific energy decreased with the increase of condensing temperature. There may be maximum value of specific energy at lower condensing temperatures. However, an experiment with lower condensing temperature was not carried out because the temperature of the cooling water was not low enough. 
Turbine Performance vs. Isentropic Velocity Ratio
In order to analyze the turbine performance, the relationship between turbine isentropic efficiency and the turbine isentropic velocity ratio is shown in Figure 13 , according to the above experimental data. Generally speaking, turbine isentropic efficiency increased with a rising isentropic velocity ratio, but the peak value did not appear in the considered conditions. The maximum value may be obtained with a higher isentropic velocity ratio, which cannot be reached using the current experimental system. Therefore, a low isentropic velocity ratio was a main reason for such a low isentropic efficiency, besides partial admission, leakage loss, shock loss, incidence loss and so on. In addition, the turbine with nozzle I ran more stably with varied conditions and working fluids. The reason for this is that the converging nozzle is more adaptable to varied back pressure than the Laval nozzle, whose performance is seriously impacted by shock loss. When R245fa was selected as the working fluid, the maximum specific energy was 0.69 kJ/kg with a condensing temperature of 30.7 • C with nozzle I and 0.89 kJ/kg with a condensing temperature of 29.1 • C with nozzle II. When R123 was selected as the working fluid, the maximum specific energy was 0.45 kJ/kg with a condensing temperature of 29.9 • C with nozzle I and 0.79 kJ/kg with a condensing temperature of 30.4 • C with nozzle II. When the evaporating temperature was constant, the turbine inlet pressure was constant. The turbine outlet pressure increased with the increase of condensing temperature. Therefore, the pressure drop decreased with the increase of condensing temperature, which lead to the decrease in specific energy.
As shown in Figure 12 , thermal efficiency decreased with the increase of condensing temperature. Thermal efficiency is determined by the evaporating temperature and condensing temperature. When the evaporating temperature was kept constant, thermal efficiency decreased with increasing condensing temperature. 
In order to analyze the turbine performance, the relationship between turbine isentropic efficiency and the turbine isentropic velocity ratio is shown in Figure 13 , according to the above experimental data. Generally speaking, turbine isentropic efficiency increased with a rising isentropic velocity ratio, but the peak value did not appear in the considered conditions. The maximum value may be obtained with a higher isentropic velocity ratio, which cannot be reached using the current experimental system. Therefore, a low isentropic velocity ratio was a main reason for such a low isentropic efficiency, besides partial admission, leakage loss, shock loss, incidence loss and so on. In Figure 12 . Variation of thermal efficiency with condensing temperature.
In order to analyze the turbine performance, the relationship between turbine isentropic efficiency and the turbine isentropic velocity ratio is shown in Figure 13 , according to the above experimental data. Generally speaking, turbine isentropic efficiency increased with a rising isentropic velocity ratio, Energies 2019, 12, 724 17 of 20 but the peak value did not appear in the considered conditions. The maximum value may be obtained with a higher isentropic velocity ratio, which cannot be reached using the current experimental system. Therefore, a low isentropic velocity ratio was a main reason for such a low isentropic efficiency, besides partial admission, leakage loss, shock loss, incidence loss and so on. In addition, the turbine with nozzle I ran more stably with varied conditions and working fluids. The reason for this is that the converging nozzle is more adaptable to varied back pressure than the Laval nozzle, whose performance is seriously impacted by shock loss. 
Conclusions
In a small-scale ORC experimental system, this article studied the relationship between cycle performances and operation parameters, especially when achieved by varying the turbine performance and nozzle performance with evaporating pressure and condensing pressure.
(1) With constant condensing pressure (temperature), turbine isentropic efficiency decreased, and transmission-generation efficiency increased with increasing evaporating pressure. The specific energy of R245fa showed a peak of 1.28 kJ/kg with an evaporating temperature of 69.2 °C. Specific energy increased monotonously with rising evaporating temperature for R123.
(2) With constant evaporating pressure (temperature), the turbine isentropic efficiency increased, and transmission-generation efficiency decreased with rising condensing pressure. The specific energy for both working fluids decreased with increasing condensing temperature in the considered conditions. The maximum specific energy was 0.89 kJ/kg with the optimal fluid (R245fa) and an optimal condensing temperature of 29.1 °C.
(3) Turbine efficiency was impacted by the working fluid type, operation parameters and nozzle type. 
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